Mutations of the glucokinase gene result in early-onset familial Type 2 (non-insulin-dependent) diabetes mellitus, and several members of the mutant glucokinase kindreds were originally diagnosed as having gestational diabetes. This study examined the glucokinase gene in 270 American Black women, including 94 with gestational diabetes whose diabetes resolved after pregnancy (gestational diabetes only), 77 with gestational diabetes who developed Type 2 diabetes after pregnancy (overt diabetes), and 99 normal control subjects who were recruited during the peripartum period. Two simple sequence repeat polymorphisms flanking either end of the glucokinase gene were evaluated. No association was found between glucokinase alleles and gestational diabetes only or overt diabetes, after adjustment for multiple comparisons. To detect single base changes, all 11 exons and proximal islet and liver promoter regions were examined by polymerase chain reaction plus single-stranded conformational polymorphism analysis in 45 gestational diabetes only patients who had not yet developed Type 2 diabetes. Nine coding region variants were identified: Ala n (G CC) to Thr 11 (A CC) in islet exon 1, and 8 variants either in untranslated regions or in the third base of a codon. Four variant sites were found in introns, but none in splicing consensus sequences. Analysis of the promoter regions revealed two common variants, G--+A at islet -30 (24 % ), and G-->A at liver -258 (42 %). The frequencies of the promoter variants, determined by allele specific polymerase chain reaction analysis, did not differ among the three groups. Thus, no significant coding sequence glucokinase mutations were found in 90 alleles from 45 patients with gestational diabetes. Further studies will be required to rule out a minor role of the newly-described promoter region variants as susceptibility factors in this disorder. [Diabetologia (1994) 37: 104-110] 
tribution of mutations in this gene to other subtypes of Type 2 diabetes has not been determined. In the earlyonset Type 2 diabetic patients, glucokinase abnormalities result in a defective glucose sensing mechanism which causes a secretory defect in the pancreatic beta cells [7, 8] . Several women with mutant GCK were diagnosed during pregnancy [7, 8] , thus raising the possibility that defects at this locus may be responsible for a major effect in the gestational diabetes.
Pregnancy is a diabetogenic state with decreased insulin sensitivity [9] . Studies with appropriately matched control and gestational diabetic subjects however, have failed to demonstrate a significant difference in insulin sensitivity [10] , Furthermore, gestational diabetes was noted only in individuals whose beta cells failed to compensate for the insulin resistance of pregnancy. As beta-cell dysfunction appears to be important in gestational diabetes, and a genetic component is strongly suggested by family history [11] , the glucokinase gene was considered a prime candidate gene for gestational diabetes.
In the present study, the glucokinase gene was surveyed in gestational diabetic patients by examining the association of two simple sequence repeat polymorphisms (SSRPs) which flank the 3'-(GCK1) and 5'-ends (GCK2) of the gene [12, 13] . The frequencies of alleles were determined among three groups, including gestational diabetic patients whose diabetes resolves after pregnancy (GDM only), gestational diabetic patients who developed Type 2 diabetes after pregnancy (overt diabetes), and control subjects. To more precisely define variations in the gene at the single nucleotide level, GCK was evaluated by polymerase chain reaction-single strand conformational polymorphism (PCR-SSCP) in 45 GDM only subjects.
Subjects and methods

Study population and DNA extraction
The cohort from which the subjects for this study were obtained comprised those who were seen for their first prenatal care visit at any of the eight Jefferson County (Alabama) HealthDepartment Clinics between 1981 and 1992. Only American Blacks were recruited for the present study. Pregnant women with known history of Type i (insulin-dependent) or Type 2 diabetes or history of previous gestational diabetes were excluded from the present study. The details of the study protocol may be found in earlier reports [14, 15] . Briefly, gestational diabetes was diagnosed based on the results of the oral glucose tolerance test (OGTT) according to the criteria of O'Sullivan and Mahan [16] . A subject diagnosed as having gestational diabetes was referred to the Division of Maternal and Fetal Medicine's Complications Clinic at the University of Alabama at Birmingham, where she was followedup for the duration of her pregnancy. Women were evaluated periodically after delivery up to a period of 10 years. Type 2 diabetes was based on diagnosis of a fasting blood glucose of more than 7.8 mmol/1 (140 mg/dl) on two occasions or an abnormal OGTT according to the National Diabetes Data Group (NDD G) criteria [17] on the follow-up visits after delivery. At follow-up, subjects were evaluated with regard to height, weight, body mass index, personal and family history of diabetes. Those who had persistently elevated blood glucose and met the NDDG criteria on the follow-up visits after delivery were classified as having overt diabetes. Those patients who did not meet the NDDG criteria of diabetes at the follow-up visits after delivery were classified as GDM only. Control subjects consisted of American Black women who presented and received prenatal care at the same clinic system but had no previous history of diabetes and whose screening tests for gestational diabetes were negative. The study was approved by the human studies committee of the University of Alabama at Birmingham School of Medicine and informed consent was obtained from each participant. DNA was isolated from peripheral blood leucocytes [18] . A subsample (first 100 GDM only, first 80 overt diabetic, and first 100 control subjects) of DNA from a previous study [14, 31] was selected for the present study. Duplicated samples were excluded from the analysis after GCK1 and GCK2 were typed. The first 45 GDM only subjects were examined by PCR-SSCP analysis. The clinical characteristics of the study population are shown in Table 1 , and no other clinical data were available for the present study.
Laboratory methods
PCR assays for GCK1 [12] and GCK2 [13, 19] were the same as previously described. When necessary, DNA was analysed repeatedly or sequenced, or both so that each allele could be assigned unambiguously. To simplify the nomenclature of polymorphic markers, the alleles are designated as GCKI-1 to GCK1-7 corresponding to alleles, Z, Z + 2, Z + 4, Z + 8; Z + 10, Z + 12, Z -15 at GCK1 locus [12] and GCK2-1 to GCK2-6 corresponding to alleles 0, 2, 4, 6, -2, -4 at GCK2 locus [13] . The data were not analysed until all the samples were typed at both GCK1 and GCK2 loci. Genotypic frequencies were calculated for each group and allelic frequencies were derived from the number of individual genotype.
Molecular scanning of 11 exons of GCK by PCR-SSCP was done as described previously [20] . Promoter regions ( -367 to + 68 in islet and -502 to § 21 in liver) were scanned after amplification with primer sets (forward primer -390 to -367 and reverse primer -130 to -151 for islet distal promoter region; When compared between overt diabetes and control groups: GCK2-3 vs non-GCK2-3: Yates' chi-square = 4.6699,p = 0.031 forward primer -177 to -154 and reverse primer 86 to 68 for islet proximal promoter region; forward primer -525 to -502 and reverse -201 to -223 for liver distal promoter region; and, forward primer -253 to -232 and reverse primer 41 to 21 for liver proximal promoter region, see [13] for nucleofide number). PCR was carried out as previously described [20] , except for annearing at 70 ~ for islet and at 66 ~ for liver with 2 mmol/1 MgC12. For the polymorphic sites (-30 at islet and -258 at liver), the study was extended to all the available samples. For islet -30 polymorphism, PCR was carried out as above without radioisotope, digested by Bsi HKAI (New England Biolabs, Beverly, Mass., USA) at 60 ~ for 3 h, and then resolved on 2 % agarose gel. The substitution of G with A abolished the Bsi HKAI site. Single nucleotide primer extension was used to type the liver -258 polymorphism. The cold PCR product was resolved on the 1% low-melting point (LMP) agarose and the corresponding band was cut out. One picomole of primer (forward primer -280 to -259, see [13] for nucleotide number) was incubated with 2 gl of melted LMP agarose with template, 1 gCi of either ~z-32-p-dGTP for normal or ~x-32p-dATP for variant, 2 mmol/1MgC12, 10 retool/1Tris HC1 pH 8.3, 50 mmol/1KC1, and 0.25 U Taq DNA polymerase in a total volume of 10 gl. Samples were overlaid with mineral oil and processed through initial denaturing at 95 ~ for 5 min, 5 cycles of denaturing at 95 ~ for 2 min and annealing-extension at 60 ~ for 2 min. The products were denatured, resolved on a standard DNA sequencing gel, and processed for autoradiography [20] .
Statistical analysis
Biostatistical analysis was performed as previously described [19, 21] . Differences between groups with quantitative variables were evaluated by unpaired (two-tailed) Student's t-tests and differences in proportions were evaluated by chi-square test.
The association of polymorphic alleles with Type 2 diabetes or gestational diabetes were analysed by 2 x 2 contingency tables.
A Chi-square test of independence was performed with Yates' correction applied on Fisher's exact test where appropriate.
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Odds ratios (OR) and 95 % confidence intervals (CI) were computed to assess the magnitudes of effect for individual genotype. The raw data (before Bonferroni correction [22] for multiple comparisons) were presented and the p values were no longer significant after adjustment for multiple comparisons.
Results
Frequencies of simple sequence repeat polymorphisms
Allelic frequency at GCK1 is shown in Table 2 . The allelic as well as genotypic frequencies did not differ among the three groups, in contrast to results in previous studies in American Blacks [19] and Mauritian Creoles [19, 21] . Two new alleles (alleles GCK1-4 and GCK1-6) were identified at GCK1 in this population. GCK1-4 and GCK1-6 were 8 base pairs and 12 base pairs larger respectively than the most common allele (GCGI-1). The frequencies of these two alleles were relatively rare and homozygotes were not found. Although they occurred only in either the GDM only group (GCK1-4) or the group with overt diabetes (GCK1-6), no significant differences in frequency were found as compared to the control group. At the GCK2 locus, only 6 alleles (Table 2) were identified in this population as compared to 8 alleles in the American Blacks studied at St. Louis (Tanizawa Y, Chiu KC, Permutt MA, unpublished observation). The frequency of the GCK2-3 allele in the overt diabetes group was less compared with the frequency in the controlgroup (1.30 % vs 6.57 % respectively, p : 0.031 with Yates' correction). The difference was no longer significant after adjustment for multiple comparisons. Genotypic frequencies did not differ among the three groups. The genotypic frequencies of GCK1 and GCK2 observed in all three study groups did not differ from that predicted by Hardy-Weinberg equilibrium (data not shown).
Molecular scanning of the coding region of the glucokinase gene
Because Type 2 diabetes is a heterogeneous disease, population association studies have little power to detect mutations occurring in only a relatively small number of patients. To detect single base changes, the glucokinase gene was thus examined by PCR-SSCP analysis in 45 patients with GDM only. When variant SSCP patterns were detected on individual patients, genomic DNA was sequenced to determine the basis for the difference. Nine variants of the glucokinase gene were identified in this fashion (Table 3) . Except for the Ala 11 (GCC) to Thr 11 (A CC) at nucleotide (NT) # 517, the remainder of the variants occurred either in the 5'-untranslated regions (2 in islet exon i and 1 in liver exon 1), or in the third base of a codon resulting in no amino acid change, and thus were without any obvious biological consequence. These variants were relatively rare, occurring in the heterozygous condition in less a For the amino acid and nucleotide numbering, see [5] for islet exon i and [7] for exons 3 and 6. b Partial sequence of introns 1B, 3, and 9: (Intron 1B) tccccctccctgtg~agGTAGAGCAGATCCT(Exon 2) (Exon 3) GGCACTGCTGAGATGgtgagcagcgcaggggccggggcagggggccaagg (Intron 3) (Exon 9)TGCACCCAGgtgagcccgccccgc (Intron 9) than 5 % of individuals. As compared with our previous study [20] , the variations at NT # 99, 908, and 1124 were not found in this population and the nucleotide variations at NT # 503, 623, and 935 were unique for this population.
Molecular scanning of promoter regions of glucokinase gene
Isolation of glucokinase cDNAs from liver [23] and islet [24] revealed that the Y-ends were different. Characterization of genomic clones revealed that the proximal islet promoter was at least 20 kb upstream of the liver promoter region [24, 25] . Regulation of expression of glucokinase differs in islets and liver, as insulin is the primary determinant of liver glucokinase mRNA levels [26] , while islet glucokinase appears to be regulated more by plasma glucose levels [27] . To test the hypothesis that variants in the proximal promoter regions might alter the level of glucokinase in liver or islets or both, of GDM only patients, the PCR-SSCP screening analysis was extended to these regions. A common polymorphism was found at position -30 in the islet promoter when 45 GDM only patients were examined. Since the polymorphic site was within a highly conserved region between the human and rat [13, 28] , a PCR specific assay was developed, and the frequency of this islet promoter variant was determined in all the available samples. Genotypic and allelic frequencies were similar among three groups (Table 4) . One rare variant was found at islet -321.
A common polymorphism was also found in the liver promoter at -258 on examination of the 45 GDM only patients. Again, a PCR assay was developed and frequencies determined in all available subjects. As shown in Table 4 , neither allelic or genotypic frequency of this liver promoter variant differed among the three groups. A variant in a single allele of one patient at -12 of the liver promoter was also found.
Risk of diabetes by glucokinase genotype
The risk of diabetes was assessed on each GCK1 and GCK2 allele as well as polymorphic sites at liver (-258) and islet ( -30) promoter regions ( Table 5 ). The risk, which was expressed as OR, was calculated from the frequencies of the gestational diabetic subjects with and without overt diabetes who carried a particular allele. These frequencies were derived from the genotypic frequencies.
As compared against the control group, GCK2-3 allele was a negative risk factor for overt diabetes (p = 0.01) and no other risk factor was identified for gestational diabetes at the other GCK loci. When the comparison was done between overt diabetes and GDM only groups, GCK1-5 allele was a positive risk factor for overt diabetes (p = 0.05) and GCK2-3 allele was a negative risk factor for overt diabetes (p = 0.03). The significance of GCK1-5 for overt diabetes was unclear, since no difference was found when compared between the overt diabetes and control groups. Again, the differences were no longer significant after adjustment for multiple comparisons. Adjustment for multiple comparisons ensures that the null hypothesis will not be mistakenly rejected regarding any given pair of variables if in reality that null hypothesis is correct. Unfortunately, the cost is to increase the frequency of incorrect statements that assert no relation between two factors, an error that can occur when an association in the data is not the result of chance. Therefore, the adjustment for multiple comparisons might be too conservative [29] . An alternative to the adjustment for multiple comparisons is to consider the information on all markers at a single gene simultaneously by comparison of patient and control groups for haplotype frequencies rather than allelic frequencies [30] . Using this approach, the information on all markers is utilized in a biologically relevant manner and the number of tests is reduced to the number of candidate genes being considered. However, in the case of SSRPs such as GCK1 (7 alleles) and GCK2 (6 alleles), multiple alleles at each locus result in a relatively large number of haplotypes (42 haplotypes, in contrast to 4 haplotypes in the case of the restriction fragment length polymorphism with 2 alleles for each marker) and less homozygotes at each locus can be counted due to relatively high heterozygosity [12, 13] . This approach becomes less practical in the case of SSRPs and re-quires much larger sample sizes. Thus, the conservative interpretation is that there are no differences in GCK1 and GCK2 frequencies among the groups.
Discussion
The most important aspect of an association study is the proper selection of patient and control groups [30] . In the present study, two groups (GDM only and overt diabetes) were properly matched by age of entry and last follow-up and by body mass index, they were ethnically the same group, and all study subjects were recruited from the same clinic system in one location (Jefferson County, Alabama). When compared with the GDM only group, a higher percentage of patients in the overt diabetes groups had family history of diabetes (88% vs 68%, p =0.002), which suggested that a genetic factor was less important in the GDM only groups. And, 70% of subjects who received insulin treatment during the pregnancy developed overt diabetes, while only 33 % of patients who received diet treatment developed overt diabetes (p = 0.0001). Although the control subjects were matched for race and attended the same clinics, they were evaluated only after delivery. After correction for multiple comparisons, no significant risk factor for diabetes was identified at glucokinase gene locus. In an immunogenetic study of this population, the prevalence of mitochondrial, smooth muscle, thyroid microsomal, parietal, nuclear, and islet cell autoantibodies was not found to differ significantly between GDM only and overt diabetes [31] . However, a stepwise regression analysis revealed that DR2 was an independent predictor of overt diabetes in this population [31] .
In order to exclude the possibility of a minor role for the glucokinase gene in gestational diabetes, all 11 exons and proximal islet and liver promoter regions were examined by PCR-SSCP analysis in 45 GDM only patients. Only one structural mutation (Alala--+Thr 11) was found in the coding region of 90 alleles from 45 GDM patients. Among the 15 amino acids in exon 1, Ala n is the only amino acid which is not conserved between human and rat [20, 24, 25, 28] , and it is Thr 11 in the rat [20, 25, 28] . The same frequency of Thr n was found in the Type 2 diabetes and control groups in our previous study [20] , so it is not likely that this amino acid variation has any biological consequence. The contributions of the PCR-SSCP variants observed in the two promoter regions to expression of glucokinase, and hence to susceptibility to gestational diabetes, are more difficult to interpret. Interestingly, the G-->A variation at position -30 in the islet promoter is within the longest fragment (26 base pair) of homology between human ( -25 to -50, [13] ) and rat ( -52 to -78, [20, 25, 28] ) glucokinase genes. The very high conservation of this portion of the promoters over 75 million years of evolution suggests the possibility of functional and/or structural importance of this 26 base pair frag-ment. Furthermore, a block transversion mutation between -51 to -60in the rat islet promoter yields a 22 % decrease in the promoter activity [32] . The G-+A variation at -258 position in the liver promoter is within a completely conserved 10 base pair fragment between human ( -252 to -262, [13] ) and rat ( -136 to -145, [33] ). This fragment is highly homologous to an insulin regulatory element in the phosphoenolpyruvate carboxykinase gene [34] . Therefore, we extended the analysis to determine the frequencies in all the samples available and found similar frequencies among three groups. The sample size examined was small, however, relative to what may be needed to detect minor susceptibility factors in polygenic diseases. A similar PCR-SSCP analysis of the angiotensinogen gene in a population of hypertensive patients required a study of 499 patientsand 238 control subjects to demonstrate a highly significant role of variants of this gene in susceptibility to hypertension [35] .
Under only two electrophorectic conditions and using regular acrylamide, the optimal fragment for PCR-SSCP analysis is about 150 base pair [36] and it is not 100 % sensitive. The fragment sizes in this study were larger than 150 base pair, however by using mutation detection enhancement gel (A. T. Biochem, Malvern, Pa., USA) and by examining under multiple electrophoretic conditions we are able to detect the known glucokinase mutations which are not found in this population [20] . The sensitivity of current PCR-SSCP analysis to detect the single base pair change has been assessed [20, 37, 38] , it was not likely that the current study failed to detect existing mutations. However, the possibility of deletion, translocation, or a mutation which affects PCR in only one allele cannot be excluded with any known technique with 100% confidence and, in our previous study these possibilities have been excluded by Southern blot technique [20] . Very recently, glucokinase mutations were found in Caucasian and Hispanic women with gestational diabetes, but not in American Black women [39] . It suggests that structural defect Of glucokinase is relatively rare in American Blacks as compared with other ethnic groups. No obvious coding or promoter mutation was found in examination of 90 glucokinase alleles from patients with GDM only. In conclusion, the results of this study indicate that, while some of the promoter variants may be minor susceptibility factors, the glucokinase gene does not play a major role in the pathogenesis of gestational diabetes or Type 2 diabetes in American Black women.
